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Magnon blockade in a PT -symmetric-like cavity
magnomechanical system
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Shou Zhang1∗, and Hong-Fu Wang1∗∗
We investigate the magnon blockade effect in a parity-
time (PT ) symmetric-like three-mode cavity mag-
nomechanical system involving the magnon-photon and
magnon-phonon interactions. In the broken and unbro-
ken PT -symmetric regions, we respectively calculate
the second-order correlation function analytically and
numerically and further determine the optimal value of
detuning. By adjusting different system parameters, we
study the different blockade mechanisms and find that
the perfect magnon blockade effect can be observed
under the weak parameter mechanism. Our work paves
a way to achieve the magnon blockade in experiment.
1 Introduction
Single-photon source has attracted extensive attention
and has important applications in the field of quantum
optics [1–3]. Photon blockade, which describes a phe-
nomenon that the second photon is blockaded once the
first photon has been excited because of the nonlinear-
ity of unequal level spacing, can be used to generate the
single-photon source because of the antibunching pho-
tons statistic characteristics. Generally, conventional pho-
ton blockade (CPB) [4] represents off-resonance in the
second-photon transition due to the anharmonicity of the
eigenenergy spectrum, which has been studied in cavity-
QED systems [5–8], optomechanical systems [9–12], non-
linear optical systems [13] and so on [14–16]. Further-
more, unconventional photon blockade (UPB) [17], which
is based on the destructive quantum interference ef-
fect between two different excitation pathways, has also
been studied in coupled Kerr-cavity systems [18, 19],
double-cavity optomechanical systems [20], and other
systems [21–23]. In recent years, the investigation of quan-
tum characteristics of the magnon is attracting extensive
attention. Magnon blockade, as a pure quantum phe-
nomenon, is one of the most important aspects of ex-
ploring quantum propertiess, which arises from the an-
harmonicity in energy eigenvalues of an magnon mode. It
is necessary for the preparation of single magnon sources.
There are two general ideas: (i) the conventional magnon
blockade is based on the anharmonicity of the eigenen-
ergy spectrum coming from kinds of nonlinearities; (ii)
the unconventional magnon blockade is based on the
destructive quantum interference between different ex-
citation paths. Also, magnon blockade has been studied
in a hybrid ferromagnet-superconductor quantum sys-
tem [24]. Many nonlinear optical effects have attracted
intense studies and opened up a promising way to study
other important optomechanics and magnetomechanics
effects based on the intrinsic properties of optical and
magnon systems, e.g., optomechanically induced trans-
parency [25] or squeezing [26], entanglement [27] and
magnon Kerr effect [28].
The cavity-magnon systems, which consist of a mi-
crowave cavity and a yttrium iron garnet (YIG) sphere,
have been theoretically proposed and experimentally re-
alized [29–33] and have provided a specific platform for
investigating quantum coherence. The ferromagnetic res-
onance mode (Kittel mode) [34] can be strongly coupled
to microwave cavity photons due to low damping rate
and high spin density of YIG sphere. Besides, the deforma-
tion of YIG sphere is influenced by magnon and results in
phonon-magnon interaction. Meanwhile, the cavity mag-
nomechanical system [35, 36] offers a great opportunity
for coherent quantum information processing [37]. Fur-
thermore, various interesting phenomena have been stud-
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ied in cavity magnomechanical systems, such as magnon-
induced transparency [38], squeezed states of magnons
and phonons [39], magnon-photon-phonon entangle-
ment [40], etc. Compared with radiation force and electro-
static force in different optomechanical systems [41–47],
magnetostrictive force possesses good tunability, which
describes the electromagnetic force density acting on a
magnetic medium. On the other hand, although PT -
symmetry system is non-Hermitian, it shows the charac-
teristics of Hermitian system, which can act as a platform
for investigating different quantum behaviors and has
been explored in various physical systems [48–53].
In this paper, based on the magnon-photon and
magnon-phonon interactions, we propose a scheme to
investigate magnon blockade in a PT -symmetric-like
cavity magnomechanical system. Generally, the PT -
symmetric optomechanical system is a two-mode system,
while here we consider a three-mode system consisting
of microwave cavity mode, magnon mode, and phonon
mode. We study the phase transition points at broken
and unbroken PT -symmetric regions. To achieve the
magnon blockade, we calculate the second-order corre-
lation function analytically and numerically. Particularly,
we also analyze the anharmonicity of the eigenenergy
spectrum and study the optimal condition of the magnon
blockade. Moreover, we show that the magnon blockade
effect can be achieved by adjusting the detuning, magnon-
photon coupling strength, and the nonlinear parameters
inPT -symmetric-like region. Furthermore, we find the
phenomenon of broken and unbrokenPT -symmetric
regions for different detunings on magnon blockade.
The paper is organized as follows: In Sec. 2, we give the
physical model and the Hamiltonian of system. In Sec. 3,
we study the phase transition in thePT -symmetric-like
region. In Sec. 4, to observe the magnon blockade effect,
the second-order correlation function is calculated ana-
lytically and numerically. Finally, a conclusion is given in
Sec. 5.
2 System and Hamiltonian
As shown in Figure 1a, the cavity magnomechanical sys-
tem under consideration consists of a microwave cavity
and a YIG sphere, which involves the magnon-photon
and magnon-phonon interactions induced by magnetic
dipole and magnetostriction, respectively. The change of
the magnetization caused by the excitation of the magnon
in the YIG sphere results in the deformation of its geom-
etry, which forms vibrational modes (phonons) of the
sphere, and vice versa. In the position of the YIG sphere,
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(b)
YIG
(a)
Driving magnetic field
(c)
a bm
H
z
x
y
y
x
W
0E
1E -
1E +
2
E
-
2E
2E +
ak mk bg
Figure 1 (Color online) (a) Schematic diagram of PT -
symmetric-like cavity-magnon system, a YIG sphere is placed
inside a microwave cavity, the magnetic field and the drive
magnetic field of the cavity mode are in the x and y direction
respectively, and the bias magnetic field is applied in the z-
direction. The ellipse with the black dashed curve (graphs in
dotted lines) denotes the deformation caused by the magne-
tostrictive force. (b) The coupled-harmonic-resonator model,
the parameters κa , κm , and γb denote the decay rates of the
microwave cavity mode, magnon mode, and mechanical res-
onator mode, respectively. (c) The energy-level diagram of the
cavity-magnon coupling system.
the direction of the magnetic field of the cavity mode is
along x axis, the external driving magnetic field is along y
axis, and an additional bias magnetic field along z axis is
placed in the microwave cavity. In such a physical model,
the magnetostrictive effect leads to the coupling between
the photon and the magnon. The magnon-photon cou-
pling strength can be tuned by the extra magnetic field
and the position of the YIG sphere. The magnon in sphere
of YIG can achieve strong coupling to the microwave cav-
ity due to its high spin density (4.2×1021cm−3). For con-
venience, we present the equivalent model in Figure 1b.
Under the rotating wave approximation, the Hamiltonian
of the system reads [35] (ħ= 1)
H = ωaa†a+ωbb†b+ωmm†m+ gma(m†a+a†m)
−gmb(b†+b)m†m+K (m†m)2
+Ω(m†e−iωl t +me iωl t ), (1)
where a (a†), b (b†), and m (m†) are the annihilation (cre-
ation) operators of the cavity mode, mechanical mode,
and magnon mode, respectively, with resonance fre-
quencyωa ,ωb , andωm . gma and gmb denote the magnon-
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photon and magnon-phonon coupling strengths, respec-
tively. The single-magnon magnomechanical coupling
rate gmb is typically small, but the magnomechanical in-
teraction can be enhanced by driving the magnon mode
with a strong microwave field [40]. K is the Kerr nonlinear
coefficient and Ω represents the external driving ampli-
tude acting on the magnon mode. K (m†m)2 represents
the Kerr effect of magnons owing to the magnetocrys-
talline anisotropy in the YIG sphere. In the rotating frame
with respect to U =exp[−iωl t(m†m + a†a)], the trans-
formed Hamiltonian H1 =U †HU − iU †U˙ with the form
H1 = ∆aa†a+ωbb†b+∆mm†m+ gma(m†a+a†m)
−gmb(b†+b)m†m+K (m†m)2+Ω(m†+m), (2)
where ∆a =ωa −ωl and ∆m =ωm −ωl are the detunings
of the microwave cavity mode and magnon mode, respec-
tively. When a unitary transformationU =exp[gmb/ωb(b†−
b)] is applied to H1 and in the case of gmb ¿ ωb , the
Hamiltonian can be obtained as
H2 = ∆aa†a+ωbb†b+∆mm†m+ gma(m†a+a†m)
+N (m†m)2+Ω(m†+m), (3)
where N =K − g 2mb/ωb . As shown in above equation, the
system discouples with the dynamics of the mechanical
mode, thus we can safely ignore the mechanical mode.
Therefore, the Hamiltonian can be further expressed as
H3 = ∆aa†a+∆mm†m+ gma(m†a+a†m)
+N (m†m)2+Ω(m†+m). (4)
Taking into account the microwave cavity gain and
magnon mode loss, the Hamiltonian of non-Hermitian
system is given by
H4 = H3+ i κa
2
a†a− i κm
2
m†m, (5)
where κa is the gain rate of cavity mode and κm is the de-
cay rate of the magnon mode. The non-Hermitian Hamil-
tonian is related toPT -symmetry, thus we consider the
effcet of phase transition point of non-Hermitian system
on magnon blockade which distinguishes the dynami-
cal phenomena of brokenPT -symmetric and unbroken
PT -symmetric regions.
3 PHASE TRANSITION
Under the condition of weak nonlinearity, the Hamilto-
nian in Equation (5) can be further reduced as
H5 = (∆a + iκa/2)a†a+ (∆m − iκm/2)m†m
Figure 2 (Color online) The real and imaginary parts of the
eigenvalues (ξ± −∆m) versus the magnon-photon strength
gma and gain κa . The pink dashed and green solid lines denote
the real and imaginary parts of eigenvalues, respectively. Here
we set (a) κa/κm = 1, (b) gma/κm = 0.5.
+gma(m†a+a†m), (6)
where we have dropped the driving term. To explore the
physical process more clearly, we expand the above Hamil-
tonian by the vector M = [m,a]T and a 2× 2 matrix is
obtained
Hk =
[
∆m − iκm/2 gma
gma ∆a + iκa/2
]
. (7)
When ∆a=∆m , the eigenvalues of matrix Hk are ξ± =
∆m−iλ/2±
√
g 2ma − (κa+κm4 )2 with λ= (κa−κm)/2. In Fig-
ure 2a, we plot the real and imaginary parts of the eigen-
value (ξ±−∆m) versus the magnon-photon strength gma
in a PT -symmetric-like hybrid cavity magnon system.
Here we consider three different cases: (i) the magnon-
photon coupling strength gma is less than the effective
loss (κa +κm)/4, i.e., κa = κm , in which the two modes
become degenerate with the opposite imaginary part and
the system has aPT -symmetry breaking phase; (ii) the
magnon-photon coupling strength gma is equal to the ef-
fective loss (κa+κm)/4, leading to a phase transition point,
which is also called exceptional point; (iii) when the cou-
pling strength gma is larger than effective loss (κa+κm)/4,
the eigenvalue is nondegenerate but two modes have the
same linewidth. When gma is larger than the critical value,
it corresponds to the unbroken PT -symmetric region,
vice versa. In figure 2(b), we plot the real and imaginary
parts of the eigenvalue (ξ±−∆m) versus the gain rate κa .
When the gain and loss are balanced, one can see that
the real and imaginary parts are separated and closed,
respectively.
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4 MAGNON BLOCKADE IN THE
PT -SYMMETRIC-LIKE
MAGNOMECHANICAL SYSTEM
In this section, we analytically and numerically calcu-
late the second-order correlation function to study the
magnon blockade effect.
4.1 Analytical solution
The system we consider is aPT -symmetric-like hybird
cavity magnon system, which can be truncated up to 2
in the weak driving limit, the state of the system is thus
given by
|ψ(t )〉 = C00(t )|0,0〉+C10(t )|1,0〉++C20(t )|2,0〉
+C01(t )|0,1〉+C11(t )|1,1〉+C02(t )|0,2〉. (8)
where Cnm are the amplitudes of the quantum states
|n,m〉. By solving Schrödinger equation i∂|ψ〉/∂t =H5|ψ〉,
the probability amplitudes can be calculated by the fol-
lowing differential equations
i
∂C00
∂t
= EC10,
i
∂C10
∂t
= EC00+ (∆m − iκm/2− g 2mb/ωb +K )C10
+gmaC01+
p
2EC20,
i
∂C20
∂t
= 2(∆m − iκm/2−2g 2mb/ωb +2K )C20
+p2EC10+
p
2gmaC11,
i
∂C01
∂t
= gmaC10+EC11+ (∆m + iκm/2)C01,
i
∂C11
∂t
= p2gmaC20+EC10+
p
2gmaC02
+(2∆m +K − g 2mb/ωb)C11,
i
∂C02
∂t
=
p
2gmaC11+2(∆m + iκm/2)C02. (9)
Under the weak driving regime, we consider that {C02,
C11, C20}¿ {C01,C10}¿ C00. Setting C00 ' 1, we can ob-
tain the steady-state solution and the optimal parameters
approximately (see Appendix). The value of the second-
order correlation function g (2)m (0)< 1 corresponds to sub-
Possonian statistics of the magnon, then the magnons
are antibunched, vice versa. In the following, we investi-
gate the occurrence of magnon blockade by analyzing the
magnon statistics, which are characterized by the second-
order correlation function in the steady state, given by
g (2)m (0)=
2|C20|2
(|C10|2+|C11|2+2|C20|2)2
' 2|C20|
2
|C10|4
. (10)
The magnon blockade can be achieved in the case of
|C20| = 0 and the system parameters should satisfy:∆opt =
∆m = g 2mb/2ωb −K /2, which is given in Appendix.
4.2 Numerical solution
The accurate result of magnon blockade can be obtained
by numerically calculating quantum master equation,
which is given as
ρ˙ = i [ρ,H1]− κa
2
La[ρ]+ γb
2
(nthb +1)Lb(ρ)
+γb
2
nthb Lb† (ρ)+
κm
2
(nthm +1)Lm(ρ)
+κm
2
(nthm +1)Lm† (ρ), (11)
where
Lo[ρ]= (2oρo†−o†oρ−ρo†o) (12)
is the standard Lindblad operator for the arbitrary sys-
tem operator o and γb represents the dissipation rate of
machanical resonator. nthb =
[
exp(ħωb/kBT )−1
]−1 and
nthm =
[
exp(ħωm/kBT )−1
]−1 are the thermal excitation
numbers of mechanical and magnon modes at temper-
ature T , and kB is the Boltzmann constant. Simply, we
assume nthb =n
th
m=nth in the rest of the paper. We numeri-
cally calculate g (2)m (0) by solving Eq. (11)
g (2)m (0)=
Tr(m†
2
m2ρ)
[Tr(m†mρ)]2
. (13)
To prove the effectiveness of the above calculations, we
plot the second-order correlation function g (2)m (0) versus
the detuning ∆m in Figure 3, in which g
(2)
m (0) is analyti-
cally calculated by Schrödinger equation Equation (10)
and numerically calculated by quantum master equation
Equation (11), respectively. Apparently, the numerical re-
sult subscribes to the analytical result under the weak driv-
ing condition. In order to explore the magnon blockade
effect in magnomechanical system, we plot the second-
order correction function g (2)m (0) versus the detuning ∆m
under different coupling strength regimes, as shown in
Fig. 4. The numerical results reveal that, when the cou-
pling strength satisfies gma/κm = 0, the system can be
reduced to a double-mode magnetomechanical system
with the absence of the cavity mode, which means that
the magnon blockade cannot be achieved in a perfect way
(the curve does not have the sharp dip). With the coupling
4 Copyright line will be provided by the publisher
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Figure 3 (Color online) The equal-time second-order corre-
lation functions versus the detuning ∆m . The black solid line
represents the analytical solution in Equation (10) and the
pink star line represents the numerical solution in Equation
(11), respectively. The system parameters are set as κm/2pi=1
MHz, κa = κm , ∆a = ∆m , ωm/γm = 106, ωm/κm = 100,
K /κm = 0.01, gma/κm = 0.5, gmb/κm = 3, Ω/κm = 0.01,
and nth = 0.
strength increasing to gma = 0.5κm gradually, we find that
the perfect magnon blockade effect occurs at the optimal
detuning (see the curve of gma = 0.3κm in Figure 4. We
stress that this kind of perfect magnon blockade effect
only possesses one dip and the width of the dip enlarges
with the increase of gma . The reason of the only one dip
is that the magnetomechanical system is under the bro-
ken PT -symmetry region when the coupling strength
satisfies gma ∈ [0, 0.5κm). Especially, when the coupling
strength reaches gma = 0.5κm , the magnetomechanical
system corresponds to a critical point of the phase tran-
sition. More concretely, the magnetomechanical system
is under the unbrokenPT -symmetry region when the
coupling strength takes gma > 0.5κm . The unbrokenPT -
symmetry leads the appearance of the two new dips on
both sides of optimal detuning, indicating that the system
has three dips in the unbrokenPT -symmetry region.
To study the physical mechanism of the conventional
magnon blockade, we also analyze the energy of system
and plot the energy level diagram in Figure 1c. Here, the
magnon blockade indicates that the magnon cannot ex-
cite two or more magnons at the same time, but can only
be excited separately. The single-magnon resonance tran-
sition is driven by external driving magnetic field and the
second-magnon off-resonance transition is due to the an-
Figure 4 (Color online) The second-order correlation g (2)m (0)
as a function of the detuning ∆m . The black solid line repre-
sents numerical solution and the pink star line represents the
analytical solution, respectively. The values of gma/κm are
considered as gma/κm = 0, gma/κm = 0.3, gma/κm = 0.5,
gma/κm = 0.8, the other parameters are the same as in Figure
3.
harmonicity of the eigenenergy spectrum, leading to that
the optimal magnon blockade occurs. In order to see more
clearly, we also plot the state probabilities as a function
of the detuning ∆m with two different excited number
probability amplitude in Appendix. The locations of the
peaks correspond to the distributed probabilities of state.
We plot the second-order correlation function g (2)m (0)
as a function of ∆m/κm and gmb/κm in Figure 5. We can
see that the perfect magnon blockade occurs at the op-
timal value (see dashed white line), which comes from
the analytical calculations. In the absence of Kerr nonlin-
ear K , as shown in figure 5(a), the location of the perfect
blockade occurring nonlinearly shift to the right with the
increase of coupling strength gmb . The phenomena of
magnon blockade effect in figs. 5(b)- 5(c) respectively cor-
responds to the cases of K /κm = 0.01 and K /κm = 0.1,
which means that the Kerr nonlinear effect exists in the
system. We find that the Kerr nonlinearity does not change
the overall of the perfect magnon blockade. Instead, it just
moves the figure up in the parameter space. That is be-
cause the Kerr nonlinear linearly shifts the optimal loca-
tion of the perfect magnon blockade occurring, which can
be seen from the analytical calculation in Eq. (16). We also
plot g (2)m (0) as a function of ∆m/κm and K /κm in Figure 6,
in which the values of gma/κm are set as gma/κm = 0,
gma/κm = 3, and gma/κm = 6 in figs. 6(b)- 6(c). To all
appearances, the perfect magnon blockade effect can oc-
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Figure 5 (Color online) The second-order correlation function g (2)m (0) as a function of ∆m/κm and gmb/κm . For different values
of K /κm are set as (a) K /κm = 0, (b) K /κm = 0.01, (c) K /κm = 0.1, and the other parameters are the same as in Figure 3.
Figure 6 (Color online) The second-order correlation function g (2)m (0) as a function of ∆m/κm and K /κm . For different values of
gma/κm considered as (a) gma/κm = 0, (b) gma/κm = 3, (c) gma/κm = 6, and the other parameters are the same as in Figure
3.
cur regardless of magnon-photon interaction gma . Mean-
while, the location of the white dashed line moves to the
right all the way.
5 Conclusions
In conclusion, we have investigated the magnon block-
ade effect in aPT -symmetric-like cavity magnomechan-
ical system, which consists of microwave cavity mode,
magnon mode, and phonon mode. Based on the bro-
ken and unbrokenPT -symmetric regions, we study the
phase transition behavior. By solving the second-order
correlation fuction analytically and numerically from the
points of Schrödinger equation and master equation, re-
spectively, we derive the optimal value of detuning for
the perfect magnon blockade. Moreover, we find that the
magnon blockade effect can be achieved by either adjust-
ing the coupling strength or the nonlinear parameter. In
order to further understand the phenomenon of magnon
blockade, we also discuss the different blockade mecha-
nisms. The results indicate that one dip corresponds to
the unconventional magnon blockade while two new dips
to the conventional magnon blockade. Our scheme pro-
vides a feasible method to realize the magnon blockade
in the weak parameter regime and we hope that it could
pave a way to realize the magnon blockade in experiment.
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Figure 7 (Color online) The State probabilities as a function
of the detuing ∆m with two different probablity amplitudes.
The pink curves indicate probablity amplitude |C10|, the black
curves indicate probablity amplitude |C20|. The system pa-
rameters are set as (a) gma/κm = 0, (b) gma/κm = 0.3, (c)
gma/κm = 0.5, (d) gma/κm = 0.8, the other experimental
parameters are the same as in Figure 3.
Appendix
CALCULATION OF DETUNING
In the steady-state, we study the magnon blockade in
the magnonmechanical system, it exists {C02,C11,C20}¿
{C01,C10}¿ C00, so we obtain linear equations about the
expanding coeffcients as follows,
C10 = Ω(∆m + iκm/2)
g 2ma − (∆m + iκm/2)(∆m − iκm/2+K − g 2mb/ωb)
,
C01 = −Ωgma
g 2ma − (∆m + iκm/2)(∆m − iκm/2+K − g 2mb/ωb)
,
C11 =
16Ω2ω2bgma(2∆m + iκm)[ωb(∆m +K )− g 2mb]
M
,
C02 =
16
p
2Ω2g 2maω
2
b[ωb(∆m +K )− g 2mb]
M
,
C20 =
2
p
2Ω2ω2b(2∆m + iκm)2[ωb(2∆m +K )− g 2mb]
M
, (14)
with
M = g 2mbωb[8g 2ma − (2∆m + iκm)(10∆m − iκm +8K )]
+{ω2b[(2∆m +K )(4∆2m +κ2m +8∆mK +4iκmK )
−8g 2ma∆m −8g 2maK ]}{4g 2maωb + (2∆m + iκm)
[2g 2mb +ωb(iκm −2∆m −2K )]}
+8g 4mb∆m +4i g 4mbκm . (15)
To achieve the optimal parameters, we can set |C20| = 0,
which satisfies the condition
K =−2∆m . (16)
We plot the probability amplitude in four different
coupling strength regimes in Figure 7. The results reveal
that, when the coupling strength satisfies gma = 0, the
effect of detuning ∆m on the state probabilities of |C10|
and |C20| is tiny, as shown in fig. 7(a). With the coupling
strength increasing to gma = 0.3κm gradually, there is only
one dip in the vicinity of the optimal detuning for |C20|
(see the black line). Nevertheless, the effect of gma on the
system is tiny for |C10| (see the pink line) in fig. 7(b). Espe-
cially, when the coupling strength reaches gma = 0.5κm ,
the magnetomechanical system corresponds to a critical
point of the phase transition in fig. 7(c). The reason of the
one dip is that the magnetomechanical system is under
the broken-PT -symmetric region when the coupling
strength satisfies gma ∈ [0, 0.5κm). Specifically, we find
that the pink line has a split and forms two new symmet-
rical peaks in the vicinity of optimal detuning in fig. 7(d),
which belongs to unbroken-PT -symmetry, and the dis-
tance between the two peaks enlarge with further increas-
ing gma . One can note that the magnon blockade effect is
different in this system. We can find that there is only one
dip when gma ∈ [0, 0.5κm), and the one dip corresponds
to the locations of the conventional magnon blockade.
While gma > 0.5κm , the two new dips correspond to the
locations of the conventional magnon blockade.
Key words. magnon blockade, magnomechanical system,
PT -symmetry
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